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Abstract 
This paper presents a bi-level optimization approach for placement and sizing of closed surge tanks in the water distribution system 
subjected to transient events. This study considers minimizing the maximum pressure head under various transient conditions given 
a budget constraint. Bi-level optimization utilizes the hierarchical structure between decision variables. In the upper level, optimal 
set of devices are assigned locations, while in the lower level the optimal sizing parameters are attained. The two problems are 
iteratively updated and solved until convergence. The suggested method is demonstrated and tested on a small case study, 
demonstrating the potential of the suggested approach. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organizing Committee of WDSA 2014.  
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1. Introduction 
Flow disturbances, characterized by rapid changes in the velocity of a fluid, frequently occur in water distribution 
systems (WDS). Flow disturbances can lead to pressure changes that propagate through the system creating transient 
conditions. The automatic start up or stopping of pumps, the adjustment of control valves, and the accidental events, 
such as power outages, are an example of the sources of transient conditions in WDS. Maltreatment of the surge 
processes can create serious consequences for water utilities and its consumers if not properly assessed and addressed 
through design and operational considerations [1]. Various devices need to be specified to insure efficient and resilient 
operation of the system. Each device should be properly selected, placed and sized in account for system’s 
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specifications [2]. The design and placement of surge devices is usually performed manually according to guidelines 
and engineers’ experience, while limited work has been done to address this problem using analytical tools ([3]-[5]). 
Jung and Karney [3] use genetic algorithms (GA) and particle swarm optimization to find optimal location and sizes 
of surge protection devices. Three objective functions are considered: 1) maximizing the minimum head; 2) 
minimizing the maximum head; 3) minimizing the difference between the maximum head and minimum head. The 
algorithms were illustrated for a gravity flow system with transient event caused by a rapid closure of a set of valves. 
In subsequent work [4], multi-objective optimization problem is considered with the least cost and minimum surge 
damage potential factor as the objective functions and the selection of pipe diameters as the decision variables. The 
approach was applied to the New York City Water Supply Tunnels system (gravitational network). Lingireddy et al. 
at [5] proposed a simulation-optimization framework for sizing closed surge tanks and air valves. The objective 
function is to minimize the cost of the devices subject to a specified set of pressure constraints. Implicit system 
constraints were satisfied using a hydraulic model SURGE and GA is used to find the optimal solution to the problem. 
This study considers optimizing system performance, i.e. minimizing the maximum pressure head, under various 
transient conditions by selecting location and size of surge protecting devices. The resulting mixed integer nonlinear 
problem is formulated as a bi-level optimization problem, facilitating the solution of the complex problem. In the 
upper level optimal set of surge control devices is allocated in the network. In the lower level, the optimal sizing 
parameters are attained for a given set of locations. The two problems are iteratively updated and solved until 
convergence. The suggested approach is demonstrated and tested on a small water supply system.  
2. Methodology 
The transient model is typically described by a set of partial differential equations. Since a closed form solution 
does not exist, several numerical techniques have been developed and applied to solve the differential equations [1]. 
The resulting numerical scheme requires discretization in space and time and consists of solving a set of nonlinear 
nonsmooth equations for flows and heads at each point of the numerical grid. This complexity of the transient model 
prevents from traditional mathematical programming techniques to be applied to solve the aforementioned 
optimization problem. Hence in this work, the transient simulation model is integrated with a genetic algorithm for 
solving the inner problem and an integer programming – for solving the outer problem. The main components of the 
framework are 1) Formulation of the transient model with surge control devices, 2) Formulation of the nonlinear inner 
problem, 3) Formulation of the integer programming outer problem, 4) Iterative updating and solution of the inner 
and the outer problems. The suggested framework is schematically shown in Fig. 1 and is briefly described next. 
2.1. Transient Simulation 
The elastic water hammer model [6] can be formulated by one-dimensional unsteady pressure flow equations (1) 
and (2):  
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where V  is the average velocity at a cross section, t  is time, U  is the fluid density, p  is pressure, x  is distance 
along the pipe measured from the upstream, g  is the acceleration of gravity, T  is the angle between the pipe and the 
x -axis, f is friction factor, D  is the pipe diameter, and a  is the wave speed. Equations (1) and (2) are valid under 
the assumptions: 1) the flow is one-dimensional and varies with respect to time; 2) the fluid is compressible; 3) steady-
state friction losses equation is valid during transient flows.  
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The governing equations are solved according to specified boundary conditions of the network in hand. For 
modeling purposes, this transient model was extended to include modeling of vapor pockets allowing the pressure to 
be negative [7]. The model was further extended to include surge protection devices by specifying additional set of 
equations and setting appropriate boundary conditions ([7, 8]). The method of characteristics (MOC) is used for 
solving the transient equations. The numerical technique is based on the transformation of the set of partial differential 
equations into a set of ordinary differential equations that apply along specific lines called characteristics. The 
discretization of the characteristic equations based on the time-space grid allows obtaining the pressure head and the 
volumetric flow with required precision. Detailed derivation of boundary conditions for different network elements, 
e.g., pump, by-pass line, valve, closed surge tanks (CST), are compatible with the MOC and are provided in [6, 7, 8]. 
2.2. Optimization Scheme 
To protect the WDS effectively from the potential damage resulting from transient condition considering limited 
budget, the following optimization problem was formulated: 
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where P  is the pressure head, l  is the tanks’ location, d  is the tanks’ diameter, h  is the tanks’ height, B  is the 
budget, ubd  and ubh are the upper bounds for the tank diameter and height respectively. Eq. (3.1) is the objective 
function minimizing maximum pressure head, (3.2) is the set of nonlinear nonsmooth equations of the transient model, 
(3.3) is the cost constraint, (3.4) is the non-negative pressure head constraint, (3.5) and (3.6) are the bounds for the 
tanks diameter and height, respectively, and (3.7) are the binary decision variables representing tanks’ locations. 
In short, the optimal placement and size of CST need to be found, such that the maximum pressure head in the 
system is minimized, negative pressure heads are avoided, and the total cost of surge control devices is within the 
budget.  
2.3. Bi-level approach 
The optimization problem formulated in (3) involves both discrete and continuous decision variables, location and 
sizing of the CST, respectively. To facilitate in solving the resulting mixed integer nonlinear problem, which is 
nonconvex and nonsmooth, the problem was separated into two levels. The outer problem is reformulated as an integer 
programming (IP) involving placement of surge tanks. The inner problem is nonlinear problem (NLP) involving sizing 
the tanks given its locations. The results from the inner level are used to estimate nodal weights indicating the impact 
of the transient event on the system for a given CST location. Based on these weights, the outer problem is updated 
and the new location of the CST is found. The process repeats until convergence. The main steps of the algorithm are 
schematically shown in Fig. 1. Master-problem (MP): 
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where w  are weights assigned to each possible placement. Eq. (4.1) is the objective function minimizing the 
weighted locations vector and (4.2) is the binary locations decision variables, with 1il   indicates that CST is installed 
at location i , whereas 0il   indicates that there is no device at location i . The MP finds the optimal location of the 
tanks given nodal weights. Nonlinear terms (for example, 1j i iw l l   ) are excluded and all nonlinear relations are 
implicitly presented in the given weights. In proposed formulation the MP has integer programming structure. 
Sub-problem (SP): 
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where (5.1) is the objective function minimizing maximum pressure head, (5.2) is the set of nonlinear nonsmooth 
equations of the transient model, (5.3) is the cost constraint, (5.4) is the non-negative pressure head constraint, (3.5) 
and (3.6) are the bounds for the tank diameter and height. The SP finds the optimal CST parameters given its location. 
 
 
Fig.1. Solution algorithm main steps 
In subsequent section essential optimization aspects are presented in more details. Due to the nonlinearity and 
nonconvexity of transient model, evolutionary algorithms are an attractive tool for the solution of the problem. In this 
work the ga function, global optimization toolbox (Matlab) is applied [9]. Evolutionary algorithms are known for their 
computational complexity. In this work, to keep the problem computationally feasible, two options were examined: 
1) setting a relatively small number of generations and 2) modifying the number of generations as the algorithm 
progresses. 
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2.4. Updating master problem 
The key component of the suggested approach is estimating and updating the nodal weights of tanks’ location at 
every iteration such that the algorithm propagates towards optimal solution. In the current study the weights are 
updated based on the intuition that if at certain part of the WDS high or low pressure head are detected, surge control 
device should be moved in that direction. The following strategy is used – for every node in the system that currently 
has a device installed at iteration k : 
1. From the solution of the SP, compute the maximum pressure head at each node in certain neighborhoodG .  
2. Update the weights of the current node and of all the nodes in the neighborhood according to the condition: 
, ,i jH H i j G!  . There are nodes in the neighborhood (may include the current node) that have higher 
maximum pressure head than other nodes – decrease the weight of these nodes i  proportionally to pressure 
head difference based on Eq. (6). Since the MP tries to find solutions that minimize these weights, the location 
of the CST will be promoted towards nodes with lower weights. 
   ( ) ( 1) , ,k ki i iw w H d h H d hGD      (6) 
where ( 1)kiw
  are the weights at the previous iteration, ( )kiw are the weights at the current iteration, D  is a 
proportion coefficient and the weights are updated proportionally to the difference between the average 
pressure head in the neighborhood  ,H d hG  and the pressure head at the high pressure nodes  ,iH d h .  
3. Repeat steps 1and 2 for the minimum pressure head, considering only negative values of the minimum pressure 
head. Note that when the condition is inversed, the lowest minimum pressure head is the one that promotes 
tank installation.  
The algorithm considers two types of neighborhood: local and global. The local neighborhood includes 2Gr   
nodes from the current node, whereas the global neighborhood includes the entire system. By default the algorithm 
uses the local neighborhood. If at certain number of iteration there is no change in devices’ location, yet the solution 
is not optimal, the algorithm temporarily switches to the global neighborhood for one iteration. 
3. Case study 
The network shown in Fig. 2 is used to illustrate the proposed algorithm. The system comprises of one reservoir at 
node 1, fifteen nodes, fourteen pipes, pump with a by-pass line and a valve. Water is delivered from the source to a 
customer at higher elevation by pumping station located near the source. The demand at Node 15 is 30.197 /m s  and 
zero for the rest of the nodes. The diameters of all pipes are 0.3 m, the wave speed for all pipes is 1000 /m s , and 
Darcy-Weisbach friction factor is 0.022. Additional system parameters are presented at Table 1. 
 
 
Fig. 2. Network layout. 
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During normal operating conditions the maximum pressure head is equal to 45.91 m and the minimum pressure 
head is equal to 11.84 m. 
Table 1. System data for the line network. 
Pipe number Length (m) Node Elevation (m) 
1 20 Reservoir 90 
2 100 Pump 90 
3 70 J1 90 
4 50 J2 96 
5 50 J3 96 
6 50 J4 100 
7 60 J5 100 
8 80 J6 95 
9 50 J7 96 
10 50 J8 95 
11 50 J9 96 
12 60 J10 96 
13 80 J11 95 
14 60 J12 95 
  Valve 97 
 
Two different types of transient events were simulated to introduce transient conditions in the systems: pump power 
failure and rapid valve closure. Table 2 demonstrates the maximum and minimum resulted pressures during the two 
transient events. Pump power failure results in significant pressure drop and high cavitation risk since pump in this 
system is the only mean to satisfy the demand. Valve closure event implicates full valve closure within 5 seconds. 
This event results in significant pressure raise as well as cavitation risk if no protection measures are taken. For every 
transient event the optimization problem is to define the number of closed surge tanks, their locations and sizes such 
that the maximum pressure head in the system is minimized, the negative head is avoided, and total devices’ cost is 
within defined budget. Surge tanks can be installed at any junction (total 12 options J1-J12). Special stopping criterion 
can be used for this network. This criterion is based on the fact that under normal operation the pressure head upstream 
is higher than the pressure head downstream. Thereby, if given relation is valid, the found solution is of a good quality. 
 
 
Fig. 3. Simulation results with and without protection at the valve. 
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4. Results 
The results presented in Table 2 show the maximum and minimum pressures head in the network during a 100 
seconds simulation with numerical time step of 1 ms. Fig. 3 illustrates the simulation results for the valve closure 
event with and without CST installed in the network. The effect of the CST is evident. Enumeration of placing tanks 
in all nodes of the system for the valve closure scenario results in the same optimal placement at Junction 12.  
 Table 2. Optimization results for transient events. 
Scenario Cost 
Budget 
($) 
Maximum  
pressure 
head (m) 
Minimum  
pressure head 
(m) 
Location Diameter (m); 
Height (m) 
Final 
cost  
($) 
Valve closure (I)  124.19 -6.17    
Valve closure (II) 75 000 79.91 12.42 J12 1.99; 2.13 74 894 
 60 000 91.83 12.42 J12 1.71; 2.24 59 871 
Pump power failure and valve closure 
simultaneously (I) 
 124.19 -20.76 
(cavitation) 
   
Pump power failure and valve closure 
simultaneously (II) 
75 000 74.73 4.23 J11 1.91; 2.71 74 437 
 60 000 91.31 5.71 J11 1.82; 1.92 58 517 
I – no surge control devices; II – with closed tanks installed in the network 
5. Conclusion 
In this paper new optimization model is presented for the placement and sizing of closed surge tanks considering 
transients in water distribution system. The methodology involves iterative updating and solving of two sub-problems 
and integrating integer programing, evolutionary algorithms, and transient modeling. The method structure allows 
modeling different constrains, including budget limitation and minimizing excessive pressures. The results of the case 
study indicate that the algorithm is effective in finding the set of close surge tanks that protects the system against 
considered transient events. Future study will focus the applicability of the proposed method to more complex water 
distribution systems, different types of surge control devices, and additional transient scenarios. 
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